In this paper, a theoretical study of the combined effects of viscosity variation and surface roughness on the squeeze film performance of journal bearings lubricated with micropolar fluid is made. The modified averaged Reynolds equation for micropolar fluids accounting for the randomized surface roughness structure and variation of viscosity is mathematically derived. The Christensen's stochastic theory for hydrodynamic lubrication of rough surfaces is used to study the effect of two types of one dimensional surface roughness patterns on the squeeze film characteristics of a journal bearing with micropolar fluid. Closed form expressions for the mean pressure load carrying capacity are obtained for the infinitely short journal bearing. It is observed that, the transverse surface roughness pattern improves the squeeze film characteristics where as the adverse effects are observed for the one-dimensional longitudinal surface roughness pattern. The effect of variation of viscosity in micropolar fluid on the squeeze film characteristic of rough short journal bearings is analyzed.
Introduction
In recent years, a considerable amount of tribiology research has been devoted to the study of the effect of surface roughness or geometric imperfections on hydrodynamic lubrication, mainly because, in practice, most of the bearing surfaces are rough. The aspect ratio and absolute height of the roughness asperities depends on the properties of the material and also on the method used for surface preparation. The surface roughness height may range from 0.05 μm or less on polished surfaces to 10 μm on medium surfaces. In general, the height of roughness asperities is of the same order of the mean separation in a lubricated contact.
The effect of surface roughness on the hydrodynamic lubrication of bearings has been studied by several investigators. The random character of the surface roughness prompted several researchers to adopt a stochastic approach to model a surface roughness [1, 2] . The stochastic model developed by Christensen [1] for the study of hydrodynamic lubrication of rough surfaces formed the basis for several studies [3] [4] [5] [6] . Butch and Tayeb [7] have studied the surface roughness effects on thermo-hydrodynamic lubrication of journal bearings lubricated with bubbly oil. Hsiu et al. [8] have analyzed the effects of surface roughness on the dynamic characteristics of finite slider bearings and shown that, the effects of surface roughness is to increase the load carrying capacity, stiffness and damping coefficients. Rakesh et al. [9] have studied the effects of surface roughness on the behaviour of a magnetic fluid-based squeeze film between circular plates with porous matrix of variable thickness. The influence of roughness parameters on coefficient of friction under lubricated conditions has been studied by Pradeep et al. [10] . Recently Naduvinamani et al. [11] studied the effect of surface roughness on hydrodynamic lubrication of journal bearings with micropolar lubricants.
Eringen's [12] theory of micropolar fluids is a class of micro fluids which support stress moments and body moments which are influenced by spin inertia. These fluids exhibit the micro-rotational effects and micro-rotational inertia. Micropolar fluids support couple stress and body couples only and physically they may represent the fluids consisting of bar-like elements. Polymeric fluids and lubricants containing certain additives may be represented by the micropolar fluids. Several investigators used the micropolar fluid theory for the study of several bearing systems. The generalized Reynolds equation for micropolar lubricants is derived by Shukla and Isa [13] . They found that the maximum load carrying capacity and corresponding frictional force increase with increase of the parameter characterising the microstructure imparted to the lubricants by the presence of additive. The squeeze film and externally pressurized bearings lubricated with micropolar fluid is studied by Agrawal et al. [14] . The dynamically loaded micropolar fluid squeeze film lubrication in a journal bearing under fluctuating loads is studied by Prawal Sinha [15] . Maiti [16] studied the composite and step slider bearings in micropolar fluid. The effect of additives in the lubrication of a composite bearing with an inclined stepped surface is presented by Sinha and Singh [17] . The dynamic Reynolds equation for micropolar fluid lubrication of plane inclined slider bearings with squeezing effect is analysed by Naduvinamani et al. [18] . Das et al. [19] presented the stability characteristics of hydrodynamic journal bearings lubricated with micropolar fluids. Recently Dhawan and Verma [20] have analyzed the micropolar lubrication in non-circular hybrid journal bearing.
All these studies were based on the assumption that the viscosity μ was constant, although it is a function of both pressure and temperature. The variation in viscosity with temperature is important in many practical applications, where lubricants are required to function over a wide range of temperature [21] . The formulae proposed for defining the viscositytemperature relationship are purely empirical, and for accurate calculations the lubrication engineers required experimental data. However, a viscosity-temperature relationship can be replaced by a viscosity and the film thickness relationship as it has been verified experimentally by Tipei [22] that the highest temperature occurs in zones where the film thickness is lowest. When the viscosity μ 1 at h = h 1 (oil inlet condition) is known, then
where Q usually lies between 0 and 1 (according to the nature of the lubricant). Sinha et al. [23] studied the effect of viscosity variation in journal bearings lubricated with micropolar fluids by assuming various numerical values for Q.
In this paper, an attempt has been made to study the combined effects of surface roughness and viscosity variation on the squeeze film lubrication characteristics of journal bearings with no journal rotation lubricated with micropolar fluids.
Mathematical formulation of the problem
The physical configuration of squeeze film journal bearing is shown in the Fig. 1 . The shaft of radius R approaches the rough bearing surface with a normal velocity V (= ∂H/∂t). The mean film thickness h is given by h = C + ecosθ ( 1 ) where C is the radial clearance and e is the eccentricity of the journal centre. The lubricant in the system is taken to be an Eringen's [12] micropolar fluid.
To mathematically model the surface roughness the film thickness H is represented by
where, h (= C + ecosθ) denotes the nominal smooth part of the film geometry, while h s (θ, z, ξ) is the part due to the surface asperities measured from the nominal level and is a randomly varying quantity of zero mean, ξ is an index determining a definite roughness arrangement and ε (= e/C) is the eccentricity ratio parameter. Further C is the radial clearance and θ (= x/R) is circumferential co-ordinate, where R being the radius of journal. The following assumptions are made in the derivation of the modifies Reynolds equation for the micropolar fluids.
1. The lubricant flow is laminar.
2.
The volume forces are neglected.
3.
The fluid film thickness is much thinner as compared to the length and width directions of interface.
Under these assumptions the constitutive equations for micropolar fluids proposed by Eringen [12] simplify considerably under the usual assumptions of hydrodynamic lubrication. The resulting equations under steady-state conditions are.
Conservation of linear momentum 
Conservation of angular momentum
Conservation of mass
Where, u, v and w are the velocity components of the lubricant in the x, y and z directions, respectively, v 1 , v 2 and v 3 are micro rotational velocity components, χ is the spin viscosity, γ is the viscosity coefficient for micropolar fluids, and μ is the Newtonian viscosity coefficient.
The relevant boundary conditions are i) At the bearing surface (y=0
At the journal surface (y=h)
Solution of the problem
The solution of equations (3) to (6) subject to the corresponding boundary conditions given in the equations (8a), (8b), (9a), and (9b) is obtained as   
where,
 where, the symbols have their usual meaning as given in nomenclature.
The modified Reynolds equation is obtained by integrating the equation of continuity (7) with respect to y over the film thickness h and replacing u and w in equation (8) by their respective expressions given in equations (9) and (11) and also using the boundary conditions for v given in equations (8a) and (9a) in the form.
(
Where,
 It is to be noted that for Newtonian fluid, N=0 and l=0. In the limiting case of l→0, the function f (N, l, h) defined in the above equation, approaches h 3 and modified Reynolds equation (14) reduces to the classical form of the Newtonian lubricant case. Now it is assumed that, the Newtonian viscosity µ is varying along the fluid film thickness H. 1 1
Where, μ 1 is the inlet viscosity at H=h 1 =C (1+ε). The exponent Q may be determined using the relation
Where, µ 2 is the outlet viscosity with film thickness h 2 . The parameter Q (0≤Q≤1) depends on the particular lubricant used, for perfect Newtonian fluids Q=0, whereas for perfect gases Q=1. For mathematical simplicity the characteristic length parameter l and the coupling number N are assumed to be independent of viscosity variation, this can be done by assuming that χ and γ are varying in the same way as µ.
Stochastic Reynolds equation
Let f (h s ) be the probability density function of the stochastic film thickness h s . Taking the stochastic average of equation (14) with respect to f (h s ), we obtain
12
Where, ( ) ( ) ( )
In accordance with Christensen [1, 2] , we assume that
where, σ = c/3 is the standard deviation.
In accordance with the Christensen stochastic theory, the analysis is done for the two types of one-dimensional surface roughness patterns, one-dimensional longitudinal roughness pattern and one-dimensional transverse roughness pattern.
For the one dimensional longitudinal roughness pattern, the roughness striations are in the form of ridges and valleys in the x-direction, in this case film thickness assumes the form 
For one dimensional transverse roughness striations are in the form of ridges and valleys in the y-direction in this case the film thickness assumes the form
The modified Reynolds's type equation (16) takes the form
Combining Eqns. (21) and (23), the stochastic Reynolds equation can be written in more general form as ( , , , ) ( ) 
Integrating twice with respect to z and applying the following boundary conditions ( ) ( ) 0 at and 0 at 0 2
The fluid film pressure is given by
Introducing the non-dimensional variables 
Load carrying capacity
The mean load carrying capacity of the short journal bearing is evaluated by integrating the mean fluid film pressure acting on the journal is given by
Introducing the non-dimensional quantity
The load carrying capacity can be expressed in non-dimensional form as The non-dimensional load carrying capacity W in the above equation (32) cannot be obtained by direct integration. It can be numerically evaluated by the method of Gaussian quadrature.
Squeeze film time
For constant load w, the time taken by the journal to move from ε=0 to ε=ε 1 can be obtained by integrating equation (31) with respect to time gives
Introducing the non-dimensional response time
Using this equation (33) 
 
and can be solved using Runge-Kutta fourth order method.
Results and discussions
The two dimensionless parameters N and l characterize the effects of micropolar lubricants. The 
Load carrying capacity
The variation of non-dimensional load carrying capacity W with the eccentricity ratio ε is shown in Fig. 7 for various values of Q. It is observed that, as the eccentricity ratio ε increases the load carrying capacity, W increases rapidly for both longitudinal and transverse roughness pattern. Further, it is observed that the effect of viscosity variation parameter is to decrease the load carrying capacity.
The  verses eccentricity ratio ε with different l for both longitudinal and transverse roughness pattern. It is observed that the response time increases with eccentricity ratio parameter ε in both types of roughness patterns.
Conclusions
On the basis of Eringen's micropolar fluid theory and Christensen's stochastic theory for rough surfaces, the effect of variation of viscosity in micropolar fluid on the squeeze film characteristic of rough short journal bearings is analyzed. From the results presented above, it is concluded that 1) The squeeze film pressure decreases in both longitudinal and transverse roughness due to the viscosity variation. 2) Load carrying capacity increases with increasing values of eccentricity ratio parameter for longitudinal and transverse roughness pattern.
3) The squeeze film time decreases in both the cases, when the viscosity variation parameter increases. classical viscosity co-efficient μ 1 inlet viscosity coefficient λ length to diameter ratio τ dimensionless response time θ circumferential co-ordinate
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